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APPLICATION OF LINEAR ACCELERATOR TECHNOLOGY
TO THE DETECTION OF TRACE AMOUNTS OF
TRANSURANICS IN WASTE BARRELS

ABSTRACT

Electron linear accelerators (linucs), as sources of
photons and neutrons, can produce a significant number of
fisslon= In transuranic 1lsotopes contained in large barrels of
waste material. Both photons and thermal neutrons have been
used to detect about 1 mg of plutonium in 105-kg matrices. A
sequential interrogation with neutrons and photons, easily
possible with linacs, can show both fertile and fisslle
constituents among the heavy-mass isotones. The advantages of
linacs in solving existing assay problems include: (1) high
available beam current; (2) variable beam current, beam energy,
pulse width, and pulse repetition frequency; and (3) beam-
scannlng abllity. They also are compatible with passive assay
instruments. Thelr versatility makes 1t likely that they will
remain useful as assay technology advances.

1. Intrecduction

The upper limit of speciflc activity of transuranle {sn-
topes (TRU) allowed 1n solic¢ wastes that are put into non-
retrlevable storage ln Department of Energy (DOE) facilities Is
10 nCi/g.il] This amount, for exaaple, corresponds to 0.16 g
of 239Pu, 1.1 ug of 233U, or 0,003 ug of 241pm per gram of
matrix. In high-density matrices, those about 0.3 g/cm3 or
greater, the natural photon emission from TRU is saeverely
attenuated and natural neutron emlssion, such as that from
spontaneous fisslon of 240py found with the 239Pu, is produned
at low rates that can be dominated by natural background
counts., 2,3] Passive assay systems that measure spontaneous
emissions not only require a reasonable count rate, but are
limited to those isotopes that have natural neutron emissions,
unless the package slzes and densities are small.

Most of the problems assoclated with pussive assuy are
eliminated when a source of nuclear particles is introduced
into the waste matrix at sufficiently hlgh energies to produce
fissions in the TRU that act as "signatures" of their presence.
Such techniques, called active assay, can use natural sources,
nuclear reactors, or particle beams from accelerators as
interrogation mechanisms.

Agoelerators offer by far the greatest versatility among
choices of interrogation methods bacause they prnduce the
largest available flux densities of fast neutrons and photons
and have apprecimble adjustability in beam current, energy, and
duty aycle. The major disadvantages of accelerators are thelr
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size and cost, although both of these have been reduced in
recent years, particularly because of the development of
special-purpose machines for medicine or materials testing.
Our research group, made up of scientists and engineers from
the Los Alamos Scientific Laboratory (LASL) and EG&G Incor-
porated, decided to pursue the use of electron linear
accelerators (linacs) as waste assay tools. In thies presenta-
tion we will show data and provide further details to demon-
strate the viabllity and usefulness of linac tec'inology in TRU
waste assay.

2. Basic Parameters of Linacs in Waste-Assay Applications

Electron linacs can produce hundreds of milliamperes of
peak electron current at energies from a few MeV to hundreds of
MeV, Energies from about 8 to 20 MeV lia in the most practical
range for waste assay purprses., The electrons are used to
produce bremsstrahlung photon radiation by impinging them on
targets of high-Z material. Neutrons can a)so be made by al-
lowing the bremsstrahlung pho.ons to generate (Y,n) and (Y,f)
reactions 1in materiuals such 18 beryllium or uranium. Figure 1
shows bremsstrahlung spectra produced as a functlon of electron
enargy for a wuter-cooled tungsten target.la] The data esre for
the DOE/EG&G *irac in Santa Barbara, California, shown in Fig.
2. It was this machine that we have used for all the experi-
mental work we shall describe. Figure 3 shows neutron spectra
produced by thls linac using a beryllium target. The spectra
shown are cslculations normalized to data obtained at a machine
energy of 27 MeV,

Another important feature of linscs i1s their pulse struc-
ture., In the Santa Barbara linac, the pulse widih can be
varied from about 50 ps to about 4 us, and the pulse repetltion
rete can go from 300 Hz to 1 Hz or less. Special=-purpose
linacs, built for waste assay, can be designed for the optimum
pulse struc ure needed in thelr application.

3. Dynamics of Photoflssion and Delayed Neutron Productinn

Th¢ besic approach fo: this ussay technique is %o bombard
the waste barrel with eithe~ photons or neutrons produced by
the linec. Let us first deal with the photofission approach.
Because of the hieh photon flux, linacs can induce a large
number of fiusions among the TRU in the matrix. Figure U shows
photofission cross sections versus photon energy for 239y,
233y, 237Np, 241pm, 238y, and 2321 (%]  In each case the ourve
reaches a peak arouna '4 MeV. Figure 5 shows the product of
the bremsstra?%ung spectra from the l1inac with the aroas
section for 23%y as a function of photon enargy for different
slectron energles, Hare wa can notc that the fisslon yleld
continues to go up sigrificantly as the electron energy i=
inoreased, at least Lo ahout 18 MeV, 1In ract, this increase
oontinues more o~ less indefinitely, but it Is rccompanied by a
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corresponding increase in photoneutron production from materi-
als in the matrix itself. Figure 6 shows this effect on 208py,
and 27a%. Other common materials, like deuterium in hydrogen-
ous matrices and !3C in carbonaceous matrices, hav~2 ylelds
similar to those for lead. Even the most neutron-stable
materials, like 1iron, silicon, etc. will, like aluminum,

produce a large number of photoneutrons when the beam exceeds
about 18 MeV,

The effect of these photoneuirons is to generate a large
prompt neutiron flux that cannot be separated practically from
prompt fissicn neutrons., Fortunately, however, TRU fissions
produce a signiricant number of delayed neutrons from particle
decays of some of the fission products. There are six pronmi-
nent delayed grnups with emission half lives varying from about
0.2 to 55 seconds. %) These groups, their decay constants (PR)
and ylelds from fisslion of 23 Pu, are shown in Table I. The
emission rate of delayed neutrons from photofission is shown in
Fig. 7. Two other expressions are also shown; these are the
important ones for our consideration. The second equation
shown 1s the delayed neutron yleld counted during and long
after the 1irradiation. 1In other words, this expression
represents the maximum delayed neutron yleld and 1s a function
of the total irrardiation time. The third expression gives the
delayed neutron yleld when the counting occurs after the
radiatlon has ceased. This value 1s not a function of the
irradiation time after about 200 seconds of irradiation because
the production-decay rate reaches a steady state value. The
importance to waste assay is that if a reasonablie fraction of
the delayed neutrons can be countec hetween bteam pulses without
interference from the prompt events, an assay can be continued

for as long a8 18 necessary to count a statistically sufficlant
number of neutrons,

Another approach that could be used with phntoflsslion assay
1s to lower che electron energy such that few photoneutrons are
produced in the matrix, and attempt to count the prompt flsslion
events 1in ocolncidence. This method, while possible, 18 less
practical if sufficient beam energy 1s esvallable, because “he
delayed neutron yleld per beam electron at high energles, such
as 12 or '4 MeV, ls comparable with the prompt fission yield at
low energles, such as 7 or 8 MeV,

4. Phorofission Experimental Results

Figure 8 is a photograph of the experimental arrangement we
used for delayed neutron acounting after phcotofission. A poly-
ethylene chamber for neutron moderation contalned a 55-gallon
(208 1iter) barrel that is a standard westa container through-
out the DOE and Amerioar industri.l complexes. Pressurized e
gas proportional vounters were placed in the moderetor to count
the thermallized neutrons present at any time. A .ypleal
detector is shown in Fig. 9.
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In our first complete photofission assay study, we took
advantage of existing electronics for amplifi:ation and
processing of the detector signals, and we were constrained to
locate the detection geometry in the high room background
conditions of the linac accelerator chamber itself. Because of
these limitations we chose to count neutrons emitted and
thermalized after the radiation ended. A typlcal detector
signal is shown in Fig. 10 for a 1-g plutonium sample at 14 MeV
electron energy. The total counts are the sum under this
curve. Figure 11 shows a set of 18-MeV data for a 105-kg
matrix of aluminum scrap containing various masses of
plutonium., Here we can see the detection limit, where the
signal to background becomes difricult to discern, is about 1
mg of plutonium, or less than 1 nCi/g of matrix.

We have begun a similar study with better electronics in
which we will count delayed rieutrons between linac pulses. We
expect improvements in total counts of atout a factor of 10 for
5-min irradictions. Some preliminary data indicate that the
prompt events require about 1 ms after each pulse to die away
to background levels. If we assum~, then, a steady state pro-
ductlion of delayed neutrons and a 300-Hz pulsing rate, we can
expect to count about 70 percent of the available neutrons
(weighted by the detection efficiency, which is typlcally about
0.2).

5. Thermal Neutron Fission Experimental Results

Figure 12 is a photograph of the detection geometry used
for thermal-neutron activation of the TRU in the waste barrel.
The detection method 18 the "differential dle away" tech-
nique[7] discussec in the previous paper. 8 A set of data,
similar to those from the photofission study, are shown in Fig.
13. The electron o am energy was B MeV. Here again, the
detection limit is well below 10 nCi/g; in fact, 1t 1is less
than 1 nCl/g.

6. Matrix Effects for Photon and Neutron Interrozation

Inducing fissions by elther photons or neutr~ns is compli-
cated somewhat by the effect of the matrix which contains the
TAU, The matrix effect, fortunately, is not too severe for
typical materlals for elither type of interrogation, and is
different for photons than for neutrons. For neutrons the two
most serious problems are the presence in the matrix of good
absorbing materials, such as boron and cadmium, and the masklng
effect of TRU messes that absorb neutrons in their outer sur=-
faces, thereby preventing access to their interiors. Only in
the case where a large amount of cadmium and boron was added to
the matrix did the results vary much. From the shape of the
plutonium oxide in our sample capsuley, we estimated the effect
of surface absorption of neutrons by the pluto.lum and
calculated effective masses »f plutonium for the various
irradiatlons. Not only did the ourve of counts versus
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plutonium mass become a linear function, showlng the basic
validity of the correction, but the necessary corrections are
small for amounts corresnonding to about 10 nCi/g or less.

Figure 14 shows results from a matrix study we did for
photofission. The chamber used was smaller than the large
barrel counter, but the results can be scaled with reasonable
certainty. The data indicate that none of the matrix effects
are particularly large for common materials. Some effect of
neutron absorption can be surmised from the pyrex glass (con-
taining boron) d-ta, since it gives a somewhat lower yleld than
expected. In a converse manner, the polyethylene matrix prob-
ablv gives a higher yield because it increases the amount of
moderating material in the whole assembly.

When both photon and thermal neutron interrogations are
used for the seme matrix, we can expect that the photons will
penetrate to any TRU that 13 masked to neutrons by itself or
some other material. The neutrons, conversely, will help
compensate for any photon losses due to matrix variations by
thelr lack of strong dependence on the electron density of the
matrix atoms.

7. Photon and Neutron Interrogation in the Same Assay Geometry

One of the most powerful ways in which a linac can be used
for waste assay is in a mode where thermal neutron and photon
irradiation of the matrix can be performed in sequence with
little or no change in the detecting geometry, The maln
reasons for this method are that thermal neutron interrogation
can clearly 1dentify the presence of fissile materials and
photofission can identify any heavy mass fertile constitutents.
In comblnation the fraction flssile and the fraction fertlle
can be determined. This type of assay ls very important for
certain classes of was’e, auch a soll samples which contaln
large amounts of natursl uranium and thorium, waste containing
large amounts of americlum and neptunium, and waste with large
uncertaincies on the TRU species in it. 1In this last case It
may also be necessary to use additionel assay technlques, such
as an analysis of the fissicn product gases, [9] to gather
further information on the species constituents.

We have begun a study of the ssquentirl intcrrogation
method (SIM) using a beryllium target that ocan be moved into or
out of the beam of photons from the linac bremsstrahlung tar-
get. In some of the work we have counted delayed neutrons from
botn types of fission; in other cases we have counted neutrons
in the differencial dieaway method and dela'ed neutrons from
photoufission. Although the study is not complete, we have seen
large inoreases in the phc.ofission algnal with the presence of

33U, as an example, in the same watrix with plutonium, while
the neutron-induced signal was virtually unchanged. Figurs 15
shows 8 schematic layout of a possible detector geometry for
SIM assay. The foatures of this geometry are these: first,
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sufficient moderator and reflecting material to give the ther-
mal neutrens a long persistence (around 0.5 ms or longer half
life) in the chamber; second, a re:sonably large counting ef-
ficienecy for noutrons from the TRU fissions, and third, relia-
ble electronics that can recover in a few tens of microseconds
after each linac burst. Notice that the detectors are shielded
from thermalized room neutrons and are shielded from therma-
lized interrogation neutrons. The cuter shielding is to lower
the background in the photofission mode; the inner shielding 1is
to allow the differential dieaway technique to function. Since
both thermal neutrons and photons from linacs independently can
assay TRU at well below 10 nCi/g, we expect a SIM approach to
have at least 10 nCi/g sensitivity as well.

8. Other Advantages of Linac Interrogation

Besides the demonstrated sensitivity and the potential for
SIM assay 1in linac methods, these sytems offer other advantages
in waste management applications. First of all, they are com-
patible with passive counting systems. They can use the same
or similar detection systems and electronic processing, since
most passive systems assaying large contalners will also
utilize neutron detection. Second, they have energy
variability and control of beam current. Both can be important
in shortening assay time. Energy variabllity could be useful
in species 1identification because of varlations in fission
thresholds and cross sections among TRU species. Third, they
are capable of assaying large packages, such as "six-packs" of
waste barrels or large crates. This 1s both because of the
high intenslities available from the interrogating beams and
because of the potential for sweeping the beam across the
package. Fourth, the beam sweeping can be used to scan
contalners to locate contaminated portions of the volume that
can sometimes be removed for recycling or to reduce the overall
volume to below 'O nCi/g. Fifth, SIM assay, which is practical
only with electron accelerators, will minimize the effects of
the waste matrix on the assay. Sixth, matrices with hlgh 2-v
backgrounds can be assayed with no changes in geometry other
than additional lead shielding. JTncreased cosmic-ray back-
grounds, significant for passive systems or those with marginal
count rates, would have little effect on the assay. Seventh,
linacs can be used in counting and ccincidence mssay techniques
that take advantage of their pulse structure, which can be
varled 1in frequency and pulse width. The linac, then has
veraatility that oan be used effectively when future assay
proolems begin to be ldentified. It is not likely to become
ohsclete as an assay instrument.

The ocontinuing LASL program 1s undertaking applications
research in thase seven areas as well as in advanced detoction
systems that can exploit the linac active interrogation
approach to waste assay.
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TABLE 1

DELAYED NEUTRON DECAY CONSTANTS
AND YIELDS FROM FAST (FISSION
SPECTRUM) NEUTRON-INDUCED

FISSION OF #*°Py
Delayed Neutron B, Y
Group (1/s) (neutron/fission)
] 0.0129 0.00024
2 0.0311 0.00176
3 0.134 0.00136
4 0.331 0.00207
) 1.26 0.00065

5 3.21 0.00022
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Fig. 8. Photograph of delayed neutron counting geometry.
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Fig. 2. Photograph of the DOE/EG&G linac.
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Differential dieaway detection geometry.
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